A series of experiments was conducted to examine the mechanism by which removal of the thyroid glands in seasonally suppressed rams brings about rapid testicular growth. In the first experiment, thyroidectomy at the nadir of the testicular cycle (late winter) initiated testis growth without any detectable change in the extent of spermatogenesis compared with sham-operated controls. The serum concentration of FSH, but not LH, was also markedly increased by thyroidectomy. In the second experiment, serum FSH concentration was again increased by thyroidectomy in late winter but there was no effect of thyroidectomy on LH concentration, LH pulses (measured in frequent blood samples) or testosterone concentration. The rapid increase in FSH concentration occurred despite a markedly increased serum inhibin A concentration in thyroidectomized rams. Therefore, the efficacy of inhibin feedback was examined by testing the FSH-suppressive effect of an inhibin preparation (5 ml charcoal-stripped bovine follicular fluid i.v.) in long-term thyroidectomized and thyroid intact castrated rams. Bovine follicular fluid suppressed FSH concentrations in control rams as expected but in marked contrast, was completely without effect in thyroidectomized animals. In castrated rams, the FSH concentration was only marginally increased by thyroidectomy, indicating that there is a major component of the mediation of the effects of thyroidectomy that is testicular in origin. It was concluded that a reduction in the ability of endogenous inhibin to inhibit FSH release at the pituitary, rather than a hypothalamic mechanism, is the primary cause of the stimulation of testis growth by thyroidectomy.
Introduction
Reproduction in rams is characterized by seasonal oligospermia, and the annual cycle of testicular activity is governed by parallel changes in circulating concentrations of the gonadotrophins LH and FSH (Lincoln and Short, 1980; Courot and Ortavant, 1981) . In the Romney breed, gonadotrophin concentrations are maximal soon after the summer solstice and testicular activity reaches a peak 2-3 months later (Barrell and Lapwood, 1979) . Circulating concentrations of inhibin, a dimeric glycoprotein named for its regulatory effect on FSH synthesis and secretion, are closely correlated with the changes in testis growth and regression in rams of various breeds (Lincoln and McNeilly, 1989; Lincoln et al., 1990; McNeilly et al., 2002) . Using developed isoform-specific *Current address: Department of Anatomy and Structural Biology and Centre for Neuroendocrinology, University of Otago School of Medical Sciences, Dunedin, New Zealand. Email: Greg.Anderson@anatomy.otago.ac.nz ELISAs, McNeilly et al. (2002) demonstrated that the sheep is unique among all species examined to date in that the testes appear to secrete only the inhibin A isoform, whereas males of other species exclusively produce inhibin B.
A recently described component of the seasonal reproductive cycle in many species and in both sexes is the requirement for the presence of thyroid hormones (for example birds: Goldsmith and Nicholls, 1984; Follett and Nicholls, 1985; mammals: Jacquet et al., 1986; Nicholls et al., 1988; Shi and Barrell, 1992; Parkinson and Follett, 1994; Anderson and Barrell, 1998a) . In all of these species, thyroidectomy at or just before the time of peak sexual activity prevents or delays the seasonal return to reproductive quiescence. Since the importance of the thyroid glands for seasonal reproduction in rams was first demonstrated almost a decade ago, fundamental differences have been apparent in the way thyroid gland removal affects male compared with female reproductive cycles in sheep. Principally, thyroidectomy of rams during seasonal testicular regression results in rapid, sustained testis growth and increased FSH secretion (for example, Parkinson and Follett, 1994) , whereas in ewes the surgery has no effect if conducted during seasonal anoestrus (Thrun et al., 1997) , but prevents the onset of this state if conducted during the breeding season (for example Moenter et al., 1991) . The hypothalamic neuroendocrine mechanisms controlling the inhibition of rapid testicular growth and FSH secretion in ewes have received considerable attention (for example, see Webster et al., 1991; Viguié et al., 1999; Anderson et al., 2002; 2003) , but mechanisms underlying rapid growth and increased FSH secretion in rams have not yet been elucidated.
In view of the sex differences in response to thyroidectomy during seasonal reproductive suppression, a set of experiments was conducted to characterize the nature of the reproductive stimulation that occurs after thyroidectomy in rams. In particular, the aim of this study was to identify whether the effect is mediated at the hypothalamus or pituitary gland. To this end, LH pulse frequency was used as a robust index of GnRH pulse frequency (Clarke and Cummins, 1982; Levine et al., 1982; Karsch et al., 1987) , and the LH response to i.v. administration of dopaminergic agents was used to identify changes in central dopaminergic tone, as seasonal changes in dopaminergic activity modulate LH concentrations in rams (Tortonese and Lincoln, 1994a,b) . The effects of thyroidectomy on the concentration of inhibin A and the feedback potency of an inhibin preparation on FSH release were also examined.
The seasonal pattern of gonadotrophin secretion cannot be entirely accounted for by changing steroid feedback effects in sheep and other species (Goodman and Karsch, 1981; Lincoln, 1984) ; however, the 'steroidindependent' component of seasonal reproduction has not been well described in rams. Therefore, an additional experiment was conducted to investigate whether the thyroid gland is required for steroid-independent seasonal changes in gonadotrophin concentrations and LH pulsatility in castrated male sheep, as they are in ovariectomized ewes (Anderson et al., 2002 
Materials and Methods

Animals and routine procedures
Two-year-old cross-bred (50% South Suffolk, 25% Finnish Landrace, 25% Texel) (Expt 1) or New Zealand Romney (Expts 2-5) rams were used. The sheep were maintained in ambient photoperiods and temperature (lat 40
• 30 S; mean daytime temperature annual range
22-12
• C) on pasture throughout the experiment and on yarding for collection of blood samples. Thyroidectomy was performed using sterile procedures as described by Moenter et al. (1991) , under general anaesthesia (induction with 700 mg ketamine and 35 mg diazepam; maintenance with 2% (v/v) halothane and oxygen). In cases in which animals were castrated, this operation was performed using sterile procedures at the time of thyroidectomy. For sham thyroidectomy, the operation was identical up to and including the separation of the sternohoid muscle into its two halves; the thyroid glands were located among the surrounding tissue but not removed. The effectiveness of thyroidectomy was assessed by measurement of serum total thyroxine concentration at least at 1 month intervals throughout the experiments. Blood samples (5 ml) were collected by jugular venepuncture; whole blood samples were allowed to clot at 4
• C before harvesting the serum, which was stored at − 20
• C until assayed. All procedures involving animals were approved by the Massey University Animal Ethics Committee.
Experiment 1
Rams were thyroidectomized (THX), sham-operated or untreated on day 0 of the experiment at the nadir of the annual reproductive cycle (August; late winter) to examine in detail the changes in testis development and FSH secretion induced by thyroidectomy. Rams were killed with an i.v. pentobarbital overdose (3000 mg) on days 0 (untreated controls), 7, 14 (THX rams) or 27 (THX rams and sham-THX controls) (n = 5-6 per group). Paired testes were weighed and a cross-sectional sample of testis tissue was collected and fixed in Bouin's solution before being cut into sections of 7 m and stained with haematoxylin-eosin. Microscopic analysis was conducted to ascertain when spermatogenesis was initiated relative to thyroidectomy. For 20 randomly selected seminiferous tubule cross-sections per ram, the tubule diameter was measured and a score of the extent of spermatogenic development assigned. The spermatogenesis score, described by Johnsen (1970) , is based on a scale of 1-10, where 1 represents no cells (including Sertoli cells) present in the tubule cross-section, 10 represents complete spermatogenesis with many spermatozoa present, and 5 (the lowest score assigned in this experiment) represents the presence of many spermatocytes, but the absence of spermatids or spermatozoa. Scores between 5 and 10 are based on the relative proportions of spermatozoa, spermatids and spermatocytes present. Spermatozoa were defined as having the thin, elongated head characteristic of ram spermatozoa; spermatids included early or late type and, thus, ranged from spherical to elliptical, and spermatocytes were identified by their dense heterochromatin nucleus. The presence or absence of spermatozoa in the tail of the epididymis was also determined.
Blood serum samples were obtained twice each week throughout the experiment for measurement of FSH, LH and total thyroxine concentrations.
Experiment 2
Expt 1 revealed a marked difference in the effects of thyroidectomy on circulating concentrations of FSH and LH. In Expt 2 this difference was examined further by analysis of the pattern of pulsatile LH release over 4 h 'windows' at various times relative to thyroidectomy and the annual reproductive cycle. At the same time, pharmacological techniques were used to examine the role of the dopaminergic neural system in the response of mature rams to thyroidectomy. Rams were THX (n = 5) or sham-operated (n = 6) in late August (late winter) and received an i.m. injection of either the dopaminergic D 2 receptor agonist bromocriptine methanosulphonate (0.06 mg kg − 1 , 1.5 mg ml − 1 in 20% (v/v) ethanol) or the D 2 receptor antagonist sulpiride (0.6 mg kg − 1 , 15 mg ml − 1 in 0.1 mol tartaric acid l − 1 ) at about 1 week before surgery, 1 month after surgery (early October; spring) or approaching the peak of the testicular cycle (early December; summer). The treatments and dosages were selected on the basis of their efficacy, ability to cross the blood-brain barrier and absence of side effects in similar experiments using rams (Tortonese and Lincoln, 1994) . Blood samples for LH analysis were collected every 12 min for 4 h before and 4 h after injection to measure the response to these treatments. The vehicles used have been shown previously not to affect LH pulses in sheep (Meyer and Goodman, 1985) ; nevertheless, the appropriate vehicle was also injected i.m. immediately after the first blood sample to control for potential vehicle effects. During each of the three challenge periods either the agonist or antagonist was administered, followed 3 days later by the other treatment, so that each ram received both treatments in a randomized order. Single blood samples were also collected twice each week throughout the experiment for measurement of serum FSH and LH concentrations, as for Expt 1. In addition, testosterone, inhibin A and total thyroxine concentrations were measured in a selection of these samples. At approximately 1 month intervals, the circumference of the scrotum was measured at its fullest point as an index of testis size. At the conclusion of the experiment, in early December, testes were collected, weighed and processed for seminiferous tubule diameter and spermatogenesis score measurements as in Expt 1.
Experiment 3
Long-term (8 months) castrated and THX (n = 5) or castrated only (controls, n = 5; sham thyroidectomy was not performed) rams received an inhibin preparation consisting of bovine follicular fluid (bFF), collected from a cattle abattoir facility and stripped with charcoal to remove small molecules, as described by Wallace and McNeilly (1985) , to determine whether the increase in FSH concentration after thyroidectomy is mediated by reduced negative feedback of inhibin. Rams received 5 ml of stripped bFF as an i.v. injection in November. The inhibin A concentration of this preparation was assayed to be 6.4 g ml −1 . Blood samples were collected at 1 h intervals from − 1 to +4 h relative to injection and, thereafter, at 2 h intervals until 24 h after injection; sera were assayed for FSH and LH concentration.
Experiment 4
Blood samples were collected each week from April (autumn) to November (early summer) from the same long-term castrated and THX and castrated only animals used for Expt 3 and the samples assayed for FSH, LH and total thyroxine to investigate whether the thyroid glands are required for steroid-or inhibin-independent seasonal changes in gonadotrophin concentrations in rams. In addition, blood samples were collected every 12 min for 4 h during May and late November to facilitate comparison of LH pulses at these times.
Immunoassay for LH and FSH
Serum LH and FSH concentrations were measured in 25-150 l aliquots by radioimmunoassay, using methods similar to those described by Scaramuzzi et al. (1970) and Bremner et al. (1980) . Values are expressed in terms of the ovine standards NIADDK-oLH-1 and NIAMDDoFSH-RP-1. Iodinated ovine LH (NIADDK-oLH-1-3) and ovine FSH (NIADDK-oFSH-I-SIAFP-21) were used as tracers and primary antisera were NIADDK-rabbit-antioLH-1 (final dilution 1:500 000) and NIADDK-rabbitanti-oFSH-1 (1:100 000). The mean sensitivity (95% confidence interval at 0 ng ml −1 ) was 0.05 ng per tube (eight assays) and 0.03 ng per tube (four assays) for LH and FSH assays, respectively. The mean intra-assay coefficients of variation were 15 and 18%, for serum pools within the middle of the LH and FSH standard curves, respectively, and interassay coefficients of variation were 17 and 16% for the same serum pools.
Serum total thyroxine and testosterone concentrations were assayed in 50 l aliquots using commercially available kits (Coat-A-Count Total T4, Diagnostic Products Corp., Los Angeles, CA and Active Coated Tube Testosterone radioimmunoassay, Diagnostic Systems Laboratories, Inc, Webster, TX). The mean sensitivity was 4.0 nmol l −1 (one assay) and 0.1 nmol l −1 (one assay) for the total thyroxine and testosterone assays, respectively. The mean intra-assay coefficients of variation were 10 and 2% for serum pools within the middle of the total tyroxine and testosterone standard curves, respectively. Serum inhibin A concentration was measured using a two-site ELISA which was specifically developed for bovine and ovine samples (Knight et al., 1998 ). The . Mean ( ± SEM) serum concentrations of (a) FSH and (b) LH in thyroidectomized (THX, ᭺) and sham-THX control (᭹; n = 6) rams in Expt 1. Combined data are plotted for THX rams killed on days 7, 14 and 27 of the experiment; thus n for THX rams decreases from 17 to 6. Individual data from a single ram with presumed incomplete thyroidectomy are plotted separately (dashed line). sensitivity of the assay was improved by using a different biotinylated detection antibody (PPG 14/6), as described by Bleach et al. (2001) . This antibody was raised against a synthetic peptide corresponding to amino acid sequence 1-32 of the bovine ␣C subunit. The immobilized 'capture' antibody used (E4, raised against a synthetic peptide corresponding to the amino acid sequence 82-114 of the human and ovine ␤A subunit) was the same as that used in the original assay. Sensitivity of the assay was 15 pg ml −1 and within-and between-plate coefficients of variation were both < 12%.
Statistical analysis
Data from any THX rams showing evidence of incomplete surgery (mean total thyroxine concentration of > 4 nmol l −1 ; see Anderson et al., 2002) were excluded from analysis and presented separately. Hormone concentrations below the average sensitivity were assigned a value equal to the sensitivity. For LH pulse identification in data obtained from frequent sampling periods, the method described by Goodman and Karsch (1980) was used. An LH pulse was defined as any increase in concentration in which: (i) concentrations were high relative to pre-and post-nadirs for at least two consecutive samples; (ii) the pulse reached a peak within two sampling intervals; (iii) the increment between peak and nadir concentrations exceeded the pre-and post-nadir values by at least two standard deviations of the peak value; and (iv) the amplitude exceeded the sensitivity of the assay. Pulse frequency (peaks per 4 h), average pulse amplitude (peak minus preceding nadir), basal concentration (average of nadirs preceding each pulse) and mean concentration over the 4 h sampling period were calculated for each ram. Paired Student's t tests were used to compare most LH pulse characteristics before and after treatment with sulpiride or bromocriptine. However, pulse frequency data were analysed using the Wilcoxon signed-rank test due to the non-parametric nature of this discrete variable. All other significant effects of treatment and time were identified using ANOVA (for repeated measures where appropriate). The Fisher least significant difference multiple comparison test was used where post hoc analysis was required to determine where significant effects occurred. Mean results ± SEM are presented.
Results
Experiments 1, 2 and 4: serum total thyroxine concentration
One THX ram from Expt 1 and one ram from Expt 2 were deemed incompletely thyroidectomized based on mean serum total thyroxine concentrations of 18.0 and 10.1 nmol l −1 , respectively, after surgery. In all other THX rams, serum concentrations of total thyroxine decreased from 65 to 100 nmol l −1 before thyroidectomy to < 4 nmol l −1 within 10 days after surgery; the concentration remained below or close to assay detection levels thereafter. No change in total thyroxine concentration was observed after sham thyroidectomy (data not shown).
Experiment 1
In THX rams, there was a rapid increase in FSH concentration after surgery; in contrast this did not occur in sham-operated controls (P < 0.001), such that significant differences were detectable from day 8 after surgery (Fig. 1a) . In marked contrast, thyroidectomy did not cause a significant increase in serum LH concentration relative to sham-operated controls (Fig. 1b) .
Testis mass increased progressively at each sampling date. In THX rams killed on day 27, testis mass was increased relative to sham-operated control rams killed at the same time after surgery (P < 0.05). The diameter of the seminiferous tubules and the spermatogenesis score were significantly increased (P < 0.05) in this group relative to control rams killed on day 0. However, because these parameters tended to be increased after 27 days even in the sham THX controls, the increase could not be attributed solely to thyroidectomy (Table 1) . Spermatozoa were present in the epididymal tails of all rams. Hormone profiles (Fig. 1 ) and testis data (not shown) from the ram with presumed incomplete thyroidectomy tended to mirror those of sham THX control rams.
Experiment 2
Before thyroidectomy in rams in the THX group, and throughout the experiment up to December in sham THX controls, serum FSH concentrations in the twiceweekly blood samples were < 1 ng ml −1 . As in Expt 1, thyroidectomy resulted in an increase in serum FSH concentrations to > 2 ng ml −1 within 10 days; this concentration was maintained throughout the experiment (P < 0.001 versus sham-THX controls) (Fig. 2a) . FSH concentrations in sham THX rams tended to increase slightly (P < 0.01) throughout late November and early December. As for the previous experiment, thyroidectomy did not affect the mean LH concentration, which remained below 0.5 ng ml −1 in both groups throughout the experiment (Fig. 2b) .
Scrotal circumference increased with time in both groups (P < 0.01), but was greater in THX rams than in sham THX rams at 1 month after surgery, and remained higher throughout the experiment (P < 0.05) (Fig. 2c) . Serum testosterone concentration was not significantly affected by thyroidectomy; the concentration of this hormone generally remained low (< 15 nmol l −1 ) throughout the experiment (Fig. 2d) .
Thyroidectomy had a marked effect on the concentration of serum inhibin A. Before thyroidectomy and throughout the experiment in sham-THX controls, the mean serum inhibin A concentration was < 300 pg ml −1 ; thyroidectomy caused a twofold increase within 3 weeks of surgery; this concentration was maintained throughout the experiment (P < 0.001 versus sham THX controls) (Fig. 2e) .
Thyroidectomy had no effect on LH concentration, pulse frequency or pulse amplitude during the period before agonist or antagonist injections; nor did these parameters differ significantly across the three intensive sampling times (Fig. 3) . Overall, sulpiride caused the frequency of pulses to increase, whereas bromocriptine decreased pulse frequency. Thyroidectomy did not affect the response of any of the pulse parameters to sulpiride and bromocriptine (Fig. 4) . The results from all rams were pooled to increase the sample size to examine whether drug responses differed across the three intensive sampling periods. Administration of sulpiride led to an increase in LH pulse frequency of 115-198% during all three intensive sampling periods and to an increase in mean LH concentration of 180% during August (P < 0.05). When rams with no pulses during the pre-treatment injection period were removed from the analysis, treatment with bromocriptine resulted in a 36-57% decrease in pulse frequency during all three months (P < 0.05).
Paired testis masses at the conclusion of the experiment in early December were increased in THX rams versus controls (631 ± 42 and 448 ± 54 g, respectively; P < 0.05). Similar, although not significant, trends were observed for seminiferous tubule diameter (253 ± 9 and 217 ± 15 m; P = 0.07) and spermatogenesis score (7.6 ± 0.4 and 6.5 ± 0.5; P = 0.09). Spermatozoa were present in the epididymal tail of all rams. As for Expt 1, hormone profiles (Fig. 2 ) and testis data (not shown) from the ram with presumed incomplete thyroidectomy followed the trends of sham THX control animals, with the exception of a transient increase in serum FSH and inhibin A soon after thyroidectomy.
Experiment 3
Before bFF injections, serum FSH and LH concentrations tended to be marginally higher in THX rams than in thyroid-intact controls (P = 0.08 and 0.15, respectively). As expected, treatment with bFF led to a decline in the concentration of FSH in control rams (P < 0.01); in marked contrast FSH concentration did not change after bFF in THX rams (P < 0.01 versus thyroid intact controls). Nadir FSH values were reached by 12 h after injection; the difference between groups was significant by 4 h (Fig. 5a ). Serum LH concentration was not affected by bFF in THX or control rams (Fig. 5b) .
Experiment 4
Serum LH and FSH concentrations declined for both THX and control rams between April and November (P < 0.01), although the change was less marked for FSH. Thyroidectomy caused an increase in both mean FSH ( Fig. 6a ) and mean LH (Fig. 6b) concentrations throughout the experiment (P < 0.05). There were no effects of thyroidectomy on LH pulse frequency during either May or November; however, thyroidectomy tended to increase pulse amplitude at both times (P = 0.06) and both mean and basal LH concentration in November (P = 0.08 and 0.10, respectively) (Fig. 7) .
Discussion
The results of the present study are the first to describe the mechanism by which thyroidectomy at the nadir of the testicular cycle induces rapid and sustained testis growth, although the neuroendocrine mechanisms by which thyroidectomy prevents the onset of seasonal anoestrus in female sheep have been well-studied (for example, see Webster et al., 1991; Viguié et al., 1999; Anderson et al., 2002 Anderson et al., , 2003 . In particular, the results of the present study demonstrate an important role of the thyroid glands in facilitating normal inhibin feedback to the FSH-secreting gonadotrophs, indicating that the effects of thyroidectomy occur primarily at the anterior pituitary rather than at that of the hypothalamic GnRH pulse generator.
An important finding in the present study is that the effect of thyroidectomy at the nadir of the testicular cycle on gonadotrophin secretion was confined to FSH. Analysis of LH pulse frequency, which provides a robust indicator of the frequency of hypothalamic GnRH (Clarke and Cummins, 1982; Levine et al., 1982; Karsch et al., 1987) , did not show an effect of thyroidectomy. Even in the absence of testicular steroids (Expt 4) there was no effect on pulse frequency; the increased mean LH concentration in THX castrate rams appeared to be due to increased pulse amplitude. Although this could have been due to an increase in GnRH pulse size, it has also been reported that the pituitary responsiveness to GnRH can be increased by thyroidectomy (Anderson and Barrell, 1998a) . These results strongly indicate that the effects of thyroidectomy at this time of year occur below the level of GnRH release (that is, outside the hypothalamus). The lack of an effect on the LH response to administration of dopaminergic agents, a technique which has been used to identify changes in the central dopaminergic tone modulating GnRH-LH release in rams (Tortonese and Lincoln, 1994a,b) , provides further evidence that the brain mechanisms controlling GnRH release were not altered by thyroidectomy in the experiments. Specifically, if thyroidectomy had induced reproductive activity via a reduction in dopaminergic inhibition of GnRH secretion, greater bromocriptineinduced LH suppression and less sulpiride-induced LH stimulation in THX rams would have been expected, in a similar manner to the situation that occurs in short day photostimulated rams (Tortonese and Lincoln, 1994a) . This was clearly not the case; instead the equally strong stimulation of pulse frequency by sulpiride and the comparatively weak responses to bromocriptine for both groups implies that GnRH pulses were equally suppressed by endogenous dopamine in all rams at the times of treatments.
The concept of thyroid hormones acting outside of the central GnRH-LH system to modulate seasonal reproduction is in contrast to results from similar studies in ewes, in which the seasonal decline in GnRH and LH pulse frequency was prevented by thyroidectomy (for example, see Webster et al., 1991) and thyroid hormones were shown to act within the brain (Viguié et al., 1999; Anderson et al., 2003) . However, a fundamental difference is that the present study examined the rapid increase in reproductive activity after thyroidectomy during the seasonal nadir of sexual activity, whereas the other studies examined failure of the onset of seasonal anoestrus after thyroidectomy during the breeding season in ewes. The latter process presumably requires establishment of inhibitory neural pathways afferent to GnRH neurones (Meyer and Goodman, 1985; Thiéry et al., 1989; Lehman et al., 1996) , a process that would probably require thyroid hormones, given that there is a similar requirement during neonatal development (Koibuchi and Chin, 2000) . The present findings do not preclude a similar central effect of thyroidectomy in males in maintaining the active reproductive state after the normal peak of sexual activity. Indeed, there is evidence that this effect does involve LH in male sheep (Parkinson and Follett, 1995) and red deer (Shi and Barrell, 1992) . In the present study the effects of thyroidectomy after the peak of sexual activity in gonad intact rams was not examined, but in Expt 4 LH was measured throughout this period in castrates. As with the aforementioned studies, in the present study LH concentration was increased in THX rams relative to controls, although a residual extent of seasonality was still apparent. Such low-amplitude seasonal fluctuations which persist after thyroidectomy have been reported in long-term studies of gonad-intact rams (Parkinson and Follett, 1995) , red deer stags (Shi and Barrell, 1992) and ovariectomized ewes (Anderson et al., 2002) .
The divergent effects on LH and FSH led to speculation that changes in the function of inhibin may be responsible for the induction of reproductive activity in THX rams, as this hormone specifically regulates FSH secretion. The fact that in the present study FSH was markedly increased by thyroidectomy in gonad-intact rams but only marginally increased in castrated rams (Expt 4) supports the concept that the mediator of the effects of thyroidectomy is mostly testicular in origin. Conceptually, the effect could be caused either by a decrease in the concentration of inhibin or by impaired inhibin feedback potency in THX rams. Measurement of inhibin A (the form produced by the Sertoli cells of adult rams; McNeilly et al., 2002) concentration in THX and control rams (Expt 2) did not support the former hypothesis. Instead, inhibin A was markedly increased after thyroidectomy, probably as a result of increased secretion in response to increased FSH concentrations (Voglmayr et al., 1992; Sanford et al., 2002) or decreased inhibin clearance (Tilbrook et al., 1999a) . Consequently, the question of whether THX rams exhibited a normal response to injection of inhibin (Expt 3) was of some importance. bFF suppressed FSH secretion in control rams as expected (Tilbrook et al., 1992) but, in marked contrast, was completely without effect in THX animals. These results support the hypothesis that the increase in circulating FSH (and hence testis size) induced by thyroidectomy is mediated by a reduction in the ability of endogenous inhibin to inhibit FSH release. It could be argued that the effect of thyroidectomy on inhibin feedback potency was only demonstrated in castrates, which lack the synergistic feedback effects of testosterone (Tilbrook et al., 1999b; Tillbrook and Clarke, 2001) . However, the concentration of FSH remained increased in THX rams in Expt 2 of the present study despite a twofold increase in the concentration of inhibin A, supporting the concept that endogenous inhibin is rendered ineffective in the absence of thyroid hormones even in gonad intact rams. Furthermore, this effect occurred when the concentration of testosterone was at its seasonal minimum, indicating that interactions with this steroid are not a major factor in the response to thyroidectomy. A remarkably similar lack of inhibin feedback and hypersecretion of FSH has been demonstrated in ovine freemartinism (Parkinson et al., 2001) .
In Expt 3, charcoal-stripped bFF was used as a source of exogenous inhibin, rather than recombinant inhibin A. Although bFF contains several non-steroidal components other than inhibin that might influence gonadotrophin secretion, such as activins and follistatins, there is good evidence to support the notion that the effects of this preparation on FSH secretion are due entirely to its inhibin content. Knight et al. (1991) showed that ewes that had been immunized against the ␣ subunit of bovine inhibin were unable to respond to bFF injections with a reduction in FSH concentration. This finding, together with the close similarity between the results of the present study (in control rams) and those from studies using recombinant inhibin A (for example, see Tilbrook et al., 1999a) , provides justification for the use of charcoalstripped bFF as a convenient source of inhibin in this type of experiment.
The reduction in inhibin efficacy after thyroidectomy may be mediated by changes in the expression of inhibin receptors within the anterior pituitary gland or in their signal transduction pathway. The mechanism of inhibin signalling is not well elucidated, although two putative inhibin receptors, p120 (Chong et al., 2000) and ␤-glycan (Lewis et al., 2000) , have been characterized, which may mediate specific signalling pathways or act by blocking activin signalling (Matzuk, 2000; Robertson et al., 2000) . Interestingly, given that the sheep appears to be unique among species in its production of inhibin A rather than B, a specific inhibin binding site has been reported in sheep pituitary tissue that has a much higher affinity for inhibin A than for inhibin B (Hertan et al., 1999) . If the ability of this site to bind inhibin and regulate FSH secretion were dependent on thyroid hormones, thyroidectomy might be expected to impair inhibin feedback in rams, but not males of the other species that have been examined to date, which produce exclusively inhibin B (for example, humans: Illingworth et al., 1996; chimpanzees: Kondo et al., 2000; rats: Woodruff et al., 1996; hamsters: Jin et al., 2001) . In this regard, thyroidectomy (G. M. Anderson, unpublished) or suppression of thyroid hormone with propylthyiuracil (Maia et al., 1995) does not increase testis growth rate in peripubertal male rats, although transient neonatal hypothyroidism does result in a similar phenomenon at the time of puberty (Cooke and Meisami, 1991; Kirby et al., 1992; Van Haaster et al., 1992) .
The rapid increase observed in testis size and FSH concentration after thyroidectomy in spring is in line with data from Welsh Mountain rams (Parkinson and Follett, 1994; Parkinson et al., 1995) , but the effects of thyroidectomy at this time of year on spermatogenesis and testosterone production have not been reported. Neither spermatogenesis nor testosterone production was significantly affected relative to sham-operated controls in the present study. The previously discussed lack of effect on LH secretion would indeed predict a normal concentration of testosterone production in THX rams, but the markedly increased concentration of FSH in these animals might equally be expected to lead to an enhancement of sperm production (Kilgour et al., 1994) . It may be that 27 days, the longest treatment period used in Expt 1, was insufficient for such an effect to be manifested. In adult rats, suppression of thyroid hormone secretion causes maturation arrest of spermatogenesis and reduces the numbers of Sertoli and Leydig cells (Tahmaz et al., 2000) , but fertility is maintained in longterm THX rams (Parkinson and Follett, 1994) and red deer stags (Anderson and Barrell, 1998b) .
In addition to possibly being a species-specific phenomenon, the effect of thyroidectomy at the time of sexual quiescence is also restricted to males. In female sheep, thyroidectomy early in the anoestrous season does not appear to result in markedly earlier resumption of gonadal (Parkinson, 1994) or reproductive neuroendocrine (Thrun et al., 1997) activity; nor is the concentration of inhibin A increased by thyroidectomy in these animals (G. M. Anderson and P. G. Knight, unpublished) . On account of the fact that the seasonal onset of ovarian cyclicity requires increased LH secretion (Goodman, 1994) , whereas testicular growth and spermatogenesis are responsive to fluctuations in FSH alone (Kilgour et al., 1994; Allan et al., 2001) , an effect of thyroidectomy on FSH regulation during anoestrus may not have been noticed in females. Until inhibin-FSH feedback is evaluated in thyroidectomized female sheep; the sex difference will not be conclusively resolved.
In conclusion, the results of the present experiments provide little support for a central mechanism involving increased GnRH-LH release as the cause of the stimulation of testicular growth by thyroidectomy in spring. Instead, the concept that in THX rams a reduction in the negative feedback efficacy of endogenous inhibin at the anterior pituitary increases FSH secretion, which in turn stimulates testicular activity is favoured. The inability of inhibin to regulate FSH secretion in the absence of thyroid hormones occurs despite greatly increased serum inhibin A concentrations, presumably a result of high concentrations of FSH maximally stimulating Sertoli cell secretion. 
